Abbreviations used: ANOVA, analysis of variance; ES, embryonic stem; ICOS, inducible T cell co-stimulator; MFI, mean fluorescence intensity; mRNA, messenger RNA; PAS, periodic acid Schiff.
Brief Definitive Report
Autoimmunity occurs when immune effector mechanisms, normally used to protect organisms against invading pathogens, are unleashed onto self-constituents. Most autoimmune diseases are complex, multifactorial processes, reflecting the number and the nature of checkpoints that have to be overcome (Goodnow, 2007) .
Only a small number of critical proteins appear to play such central roles in the maintenance of immunological self-tolerance that alterations in their function strongly predispose to a rapid development of autoimmune syndromes. Vinuesa et al. (2005) identified the M199R amino acid substitution in the putative E3 ubiquitin ligase Roquin/Rc3h1 as the cause of the spontaneous lupus-like autoimmune disease characterizing the sanroque mouse strain. san/san mice display splenomegaly, lymphadenopathy, plasmacytosis, spontaneous germinal center formation, and glomerulonephritis with immune complex deposition. High affinity anti-DNA autoantibodies can be detected as early as 6 wk after birth (Vinuesa et al., 2005) . The dominant disease-preventing mechanism of Roquin is thought to be the inhibition of inappropriate inducible T cell co-stimulator (ICOS) expression on T cells (Linterman et al., 2009a; Yu and Vinuesa, 2010) through direct ICOS messenger RNA (mRNA) binding and targeting to P-bodies and components of the decapping machinery (Athanasopoulos et al., 2010; Glasmacher et al., 2010) . The M199R sanroque mutation is located in a novel protein domain termed ROQ, which so far has been identified only in Roquin and its paralogue Mnab. The ROQ domain is critical for ICOS mRNA binding and repression. Because the M199R mutation does not affect binding to ICOS mRNA, it has been postulated that it interferes with Roquin's The substitution of one amino acid in the Roquin protein by the sanroque mutation induces a dramatic autoimmune syndrome in mice. This is believed to occur through ectopic expression of inducible T cell co-stimulator (ICOS) and unrestrained differentiation of follicular T helper cells, which induce spontaneous germinal center reactions to self-antigens. In this study, we demonstrate that tissue-specific ablation of Roquin in T or B cells, in the entire hematopoietic system, or in epithelial cells of transplanted thymi did not cause autoimmunity. Loss of Roquin induced elevated expression of ICOS through T cell-intrinsic and -extrinsic mechanisms, which itself was not sufficient to break self-tolerance. Instead, ablation of Roquin in the hematopoietic system caused defined changes in immune homeostasis, including the expansion of macrophages, eosinophils, and T cell subsets, most dramatically CD8 effector-like T cells, through cell-autonomous and nonautonomous mechanisms. Germline Roquin deficiency led to perinatal lethality, which was partially rescued on the genetic background of an outbred strain. However, not even complete absence of Roquin resulted in overt self-reactivity, suggesting that the sanroque mutation induces autoimmunity through an as yet unknown mechanism.
organs, there was a significant increase in CD8 but not CD4 T cells that displayed an effector-like phenotype (CD44 hi CD62L lo ; Fig. 2 , B and D; and Fig. S2 A) . Further analysis of the CD44 hi CD62L lo CD8 T cells revealed that most of them were CD127 int CD122 hi KLRG1 hi Tbet hi (Fig. 2 C and Fig. S2 C) and therefore resembled short-lived effector cells. T Rc3h1 mice had normal-sized spleens with regular follicular organization (Fig. S2, B and D) , although the numbers of eosinophils and monocytic/macrophage populations were doubled compared with control mice (Fig. 2 D) . Most importantly, unlike what is seen in san/san mice (Vinuesa et al., 2005) , we neither detected increased follicular T helper cell differentiation (Fig. S2 E) nor spontaneous germinal center formation (Fig. 2 E and Fig. S2 E) . T Rc3h1 mice did not display any obvious autoimmune manifestations, including the production of autoantibodies (Fig. S2 F) . We therefore conclude that the absence of Roquin specifically in T cells leads to the up-regulation of ICOS expression and expansion of CD8 effector phenotype T cells but not to aberrant follicular T helper cell differentiation or break of tolerance to self.
Roquin deficiency in hematopoietic cells causes immune deregulation
Because T cell-specific ablation of Roquin was not sufficient to recapitulate the dramatic breakdown of self-tolerance seen ability to interact with as yet unknown critical effector proteins (Athanasopoulos et al., 2010) .
ICOS is an essential co-stimulatory receptor for follicular T helper cell differentiation (King et al., 2008) , and heterozygous ablation of ICOS (Yu et al., 2007) or depletion of follicular T helper cells each significantly reduces the autoimmune manifestations in san/san mice. Adoptive transfer of san/san follicular T helper cells induces spontaneous germinal center formation in recipient mice (Linterman et al., 2009b) . Collectively, these data led to the current concept that the sanroque mutation induces accumulation and dysregulation of follicular helper T cells through T cell-intrinsic mechanisms, which in turn drive aberrant positive selection of autoreactive B cells in the germinal center with ensuing autoimmunity (Yu and Vinuesa, 2010) . To study the tissue-specific function of Roquin in mouse physiology and autoimmune reactions, we generated a conditional Roquin knockout (rc3h1 F ) allele.
RESULTS AND DISCUSSION Complete Roquin knockout causes perinatal lethality
To allow tissue-specific ablation of Roquin, we flanked exons 4-6 of the Rc3h1 gene with loxP sites (Fig. S1 A) . The genetic background of the gene-targeted embryonic stem (ES) cells and all Cre transgenic mice used for tissue-specific gene ablation of Roquin was C57BL/6. Western blotting using Rc3h1 F/F embryonic fibroblasts, in which exons 4-6 had been excised by cre protein transduction, demonstrated the generation of a true Roquin-null mutation (Fig. 1 A) . A conventional Roquin knockout strain was produced through crosses with a germline cre-deleter strain. Roquin / pups were born at Mendelian ratios ( Fig. 1 B) but died within 6 h after birth. Roquin / mice displayed a curly tail (Fig. 1 C) and malformations of the caudal spinal column (Fig. 1 D) , which is often seen in mutant mice with delayed or abnormal neural tube closure (Harris and Juriloff, 2007) . The death of the animals might be related to impaired lung function because the alveoli were not properly expanded in the lungs of Roquin-deficient pups (Fig. 1 E) . Besides this, we could not detect obvious structural problems or indications of an acute respiratory distress syndrome in the lungs of Roquin / mice.
Ablation of Roquin in the T lineage leads to elevated ICOS levels and expansion of effector CD8 T cells but not autoimmunity
The lupus-like symptoms in san/san mice have been ascribed to a T cell-intrinsic function of Roquin (Linterman et al., 2009a,b) . To address whether ablation of Roquin specifically in T cells would recapitulate the effects of the sanroque mutation, we generated CD4cre/Rc3h1 FlF (T Rc3h1 ) mice. As expected, Roquin deficiency led to a robust up-regulation of ICOS on all T cell subsets in thymus and secondary lymphoid organs ( (Fig. S1 D) . In peripheral lymphoid 
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in san/san mice, we hypothesized that loss of Roquin in other hematopoietic cells might synergize with its absence in T cells to induce autoimmunity. We therefore generated VavCre/Roquin F/F (Hem Rc3h1 ) mice to test the consequences of Roquin deficiency in the entire hematopoietic system (Fig. 3 A) . Hem Rc3h1 mice displayed normal T cell development in the thymus (Fig. S3 A) , whereas BM B cell development was affected through a reduction in immature and recirculating B cells (Fig. S3 B) . Spleen size and cellular content were increased 1.5-fold as the result of expansion of effector-like T cells, Foxp3 + regulatory T cells (T reg cells), eosinophils, and monocytic/macrophage populations (Fig. 3 , and Fig. S3, C and D) . However, the increased splenic cellularity in Hem Rc3h1 mice did not reach the extent of splenomegaly observed in san/san mice, which occurs independently of the autoimmune syndrome (Linterman et al., 2009b) . Analysis of splenic immune compartmentalization by immunofluorescence revealed both intact and somewhat disrupted (Fig. 3 E) follicles in Hem Rc3h1 mice. Moreover, we detected an increase in spontaneous germinal center formation in the spleens of Hem Rc3h1 mice (Fig. 3 G) . Analysis of Ig serum levels by ELISA revealed a reduction in IgG1, IgG3, and IgA and an increase in IgG2b levels ( Fig. S4 A) . However, we did not detect elevated levels of autoantibodies in the serum of Hem Rc3h1 mice by ELISA for typical autoantigens ( Fig. 3 H and Fig. S4 B) or by staining of kidney, harderian gland, and stomach sections of Rag2 / mice (not depicted). Importantly, there was no autoimmune tissue damage in kidney, liver, and lung of Hem Rc3h1 mice (not depicted).
Of note, the extent of ICOS up-regulation on CD4 and, to a lesser extent, CD8 T cells in Hem Rc3h1 mice exceeded the increase of ICOS levels in T Rc3h1 mice (compare Fig. 3 Fig. S1 B) . This suggests that the loss of Roquin in immune cells other than T cells contributes to the elevated ICOS expression in Hem Rc3h1 mice. Along the same lines, no corresponding increase of regulatory or effector-like CD4 T cells had been observed upon T cell-specific ablation of Roquin, indicating that these alterations reflect a requirement for Roquin outside the T lineage.
Roquin-deficient B cells contribute to the general deregulation of immune homeostasis
To elucidate to which extent loss of Roquin function specifically in B cells contributes to the immune activation observed in Hem Rc3h1 mice, we generated CD19cre/Rc3h1 F/F (B Rc3h1 ) mice. Ablation of Roquin specifically in B lymphocytes (Fig. S4 D) was sufficient to cause enlarged spleens (Fig. S4 E) resulting from the expansion of B cells, T reg cells, CD4 and CD8 effector-like T cells, and eosinophils (Fig. 4 A and Fig. S4 , F-I). There was a trend toward elevated spontaneous germinal center formation in the spleens of B Rc3h1 mice, but the observed differences were not statistically significant (Fig. 4 B) . Therefore, our findings show that lack of Roquin in B cells contributed significantly to the disturbance of immune homeostasis in Hem Rc3h1 mice. Roquin-sufficient hematopoietic system, and T cells were selected on either Roquin-deficient (Rc3h1 / → nude) or -sufficient (Rc3h1 +/+ → nude) thymic epithelium. Recipients of Roquin-deficient thymic epithelium gained weight normally after transplantation (Fig. 5 A) and did not show signs of disease by histological criteria (not depicted). Embryonic day (E) 16.5 Rc3h1 / thymic lobes at the time of grafting appeared somewhat smaller than Rc3h1 +/+ controls, and the cellularity of Rc3h1 / thymi 10 wk after transplantation was significantly reduced compared with controls (Fig. 5 B) . Despite this thymic atrophy, which points to a thymic epitheliumintrinsic function of Roquin in epithelial homeostasis, thymocyte development was not affected (Fig. 5 C) . T cell selection was also unaffected, as judged from the normal numbers of Roquin deficiency in thymic epithelial cells causes thymic atrophy but does not affect T cell selection Loss of Roquin in hematopoietic cells does not cause a dramatic sanroque-like autoimmune syndrome. We therefore hypothesized that Roquin-deficient nonhematopoietic cells might be crucial for the induction of autoimmunity. The thymic epithelium plays a critical role for immune tolerance, and perturbations of its development and/or function can lead to spontaneous autoimmunity (Kyewski and Klein, 2006) . To assess the function of Roquin specifically in thymic epithelial cells during thymocyte development and selection, we transplanted immune cell-depleted Roquin-deficient and control embryonic thymi under the kidney capsule of athymic C57BL/6 nude mice. As a consequence, these chimeras contained a numbers of eosinophils and monocytic/macrophage populations ( Fig. 6 C and Fig. S6 C) . However, the most prominent effect was a dramatic and selective expansion of Roquindeficient CD8 effector-like T cells (Fig. 6 C) , showing that suppressing the generation of these cells is a dominant function of Roquin in naive mice. Splenic follicular organization was normal (Fig. 6 D) , and the numbers of CD4 T cell subtypes and B cells (Fig. S6 D) were not significantly altered in CD1 Roquin / mice. In addition, we did not detect spontaneous germinal center formation (Fig. 6 E) , autoantibody production ( Fig. 6 F and Fig. S6 E) , or autoimmune tissue damage in CD1 Roquin / mice (not depicted).
We show in this study that, unlike the sanroque mutation, systemic ablation of Roquin causes perinatal lethality, revealing a hitherto unappreciated critical role of Rc3h1 outside the immune system. In immune cells, loss of Roquin induces several defined perturbations. Deficiency in B cells leads to elevated numbers of B, regulatory and effector-like T cells, and eosinophils. Roquin deletion in T cells induces the expansion of eosinophils and macrophages and the dramatic spontaneous differentiation of effector-like CD8 T cells. Our findings peripheral T cell subsets (Fig. S5 A) and normal proportions of TCRs bearing certain  and  chains (Fig. 5 D and Fig. S5 B) . These data show that although absence of Roquin in the thymic epithelium reduced thymus size under these experimental conditions, it did not affect T cell selection or allow the escape of self-reactive T cells.
CD1 outbred Roquin / mice survive at sub-Mendelian ratios and display growth retardation and relatively mild immune defects
To overcome the perinatal lethality that prevents the analysis of adult C57BL/6 Roquin-deficient mice, we crossed C57BL/6 Roquin +/ mice onto a CD1 outbred background. 4% of CD1 Roquin / mice survived to adulthood (Fig. 6 A) in heterozygous crosses, displaying growth retardation (Fig. 6 B) and the typical curly tail at birth, which was sometimes corrected later on (Fig. S6 A) . In general, the immune phenotypes were somewhat milder in CD1 Roquin / than in C57BL/6 Hem Rc3h1 mice, most likely because of the CD1 outbred background. CD1 Roquin / mice displayed enlarged spleens (Fig. S6 B) with a trend toward increased by some means. However, it seems more likely that the sanroque mutation causes to date unidentified perturbations, which are not recapitulated by the absence of Roquin. In this scenario, another protein such as the Roquin paralogue Mnab might compensate for the absence of Roquin, which it cannot do in the presence of Roquin M199R . Therefore, the presence of Roquin M199R in protein complexes might be more disruptive than the absence of the protein. This hypothesis is supported by the fact that heterozygous C57BL/6 san/WT (Vinuesa et al., 2005) , but not C57BL/6 Roquin +/ (Fig. S6 F) animals develop antinuclear autoantibodies. Be this as it may, our findings show that to bring about a spontaneous failure of immune tolerance, a complex and as yet ill-defined interplay of Roquin absence or malfunction in various cell types may be required.
MATERIALS AND METHODS

Genetically modified mice.
To generate a conditional rc3h1 allele, we cloned a targeting vector to flank exons 4-6 with loxP sites. An Frt siteflanked neo R cassette was placed in the third intron of the Rc3h1 gene. A 4.0-kb fragment was used as the 5 homology region, a 2-kb fragment was placed between the two loxP sites, and a 4.0-kb fragment was used as the 3 homology region. C57BL/6 ES cells were transfected, cultured, and selected essentially as previously described for Bruce 4 ES cells (Schmidt-Supprian et al., 2000) . After blastocyst injection of correctly targeted clones and transmission of the conditional allele through the germline of resulting chimeras, the Frt-flanked neo R cassette was removed by using an Flpe-deleter strain. Rc3h1 F , Nestin-cre (used as deleter mice; Betz et al., 1996) , Flpe-deleter (Rodríguez et al., 2000) , CD4cre (Lee et al., 2001 ), VavCre (de Boer et al., 2003) , and CD19cre (Rickert et al., 1997) were kept on a C57BL/6 genetic background. All mice analyzed were 2-4 mo old, unless otherwise indicated. CD1 outbred mice were kept at the Max Planck Institute of Biochemistry (MpiCrlIcr:CD-1). Mice were housed in the specific pathogen-free animal facility of the Max Planck Institute of Biochemistry. All animal procedures were approved by the Regierung of Oberbayern.
Flow cytometry. Single-cell suspensions were prepared and stained with monoclonal antibodies: PD-1 (J43), ICOS (7E.17G9), B220 (RA3-6B2), CD19 (eBio1D3), CD25 (PC61.5), CD38 (90), CD4 (RM4-5), CD44 (IM7), 3), CD62L (MEL-14), CD8 (53-6.7), FoxP3 (FJK-16s), GR-1 (RB6-8C5), , IgM (II/41), Mac-1 (M1/70), TCR- (H57-597), CD95 (15A7), CD21 (7G6), c-kit (2B8), KLRG1 (2F1), CD127 (A7R34), CD122 (TM-b1), Tbet (eBio4B10), F4/80 (A3-1), CD115 (AFS98), CD45RB (C363.16A; all eBioscience), Siglec-F (E50-2440), CD138 (281-2), CXCR5 (2G8), CD11c (HL3), V11.1/11.2 (RR8-1), V2 (B20.1), V3.2 (RR3-16), V8.3 (B21.14), TCR V screening panel (all BD), and PNA (Vector Laboratories). Samples were acquired on FACSCalibur and FACSCantoII (BD) machines and analyzed with FlowJo software (Tree Star). To evaluate the relative ICOS expression on T cell subsets of the different cell type-specific Roquin knockout mice, four sets of three genotypes (cre control, heterozygous knockout, and homozygous knockout) were analyzed. The ICOS mean fluorescence intensity (MFI) for the cre transgenic control cells was set to 1 for each set.
Cell culture. We generated primary and SV40 large T-immortalized Rc3h1 F/F and control embryonic fibroblasts and treated them by cre protein transduction with Histag-tat-NLS-cre (Peitz et al., 2007) .
Western blot.
To prepare whole-cell lysates, cells were lysed for 15 min on ice by RIPA buffer, 10 µg/ml aprotinin, 10 µg/ml leupeptin, 0.1 mM Na3VO4, 1 mM PMSF, 10 mM NaF, 1 mM DTT, and 8 mM -glycerophosphate. Polyvinylidene fluoride membranes were blotted with the following antibodies: anti-Rc3h1 (Bethyl Laboratories, Inc.), antitubulin (clone YL1/2; clearly demonstrate that ablation of Roquin, although it augments ICOS expression levels through T cell-autonomous and nonautonomous mechanisms, is not sufficient to cause autoimmunity. It remains possible that C57BL/6 complete Roquin knockout mice would develop a sanroque-like autoimmune syndrome if the perinatal lethality could be overcome Immunofluorescence and immunohistochemistry. For immunofluorescence stainings, frozen 10-µm sections were thawed, air dried, methanol fixed, and stained for 1 h at room temperature in a humidified chamber with FITC-conjugated B220 (eBioscience), biotinylated rat anti-CD3 (BD), and rabbit antilaminin (gift from M. Sixt, Institute of Science and Technology Austria, Klosterneuburg, Austria) followed by Alexa Fluor 488-conjugated antifluorescein (Invitrogen), Cy3-conjugated streptavidin (Jackson ImmunoResearch Laboratories, Inc.), and Cy5-conjugated anti-rabbit antibodies (Jackson ImmunoResearch Laboratories, Inc.). Images were acquired using an Axio Imager.Z1 fluorescent microscope (Carl Zeiss) with AxioCam MRc5 (Carl Zeiss) and analyzed with AxioVision Rel. 4.8 software (Carl Zeiss).
Histology. Whole embryos or newborn pups were fixed for 24 h in 4% paraformaldehyde and decalcified for 4 h in Osteosoft (Merck), and heads and whole embryos were cut sagittally at the midline. Dehydration and paraffin embedding were performed using a vacuum embedding system (VIP; Sakura). Paraffin slides were performed with 4-µm thickness and stained with hematoxylin and eosin and periodic acid Schiff (PAS). Images were taken using a virtual slide microscopy system (dotslide 2.0; Olympus).
ELISA. Antinuclear autoantibodies to eight different autoantigens were detected using the Varelisa ANA 8 screen (Phadia). Serum from a 1-yr-old BXD2 mouse was used as positive control. The following ELISAs were performed as described previously (Lech et al., 2008) . For antinucleosome antibodies, MaxiSorp ELISA plates (Thermo Fisher Scientific) were precoated with poly-l-lysine (Trevigen) and PBS (ratio 1:1) for 1 h. ELISA plates were washed with 50 mM Tris and 0.14 M NaCl buffer and incubated with mouse double-stranded DNA-histones (both 2 µg/ml) in SSC buffer overnight at 4°C. For anti-Smith antibodies, MaxiSorp ELISA plates were coated with Smith antigen (Immunovision) in 0.05 M carbonate-bicarbonate buffer overnight at 4°C. For rheumatoid factor, ELISA plates were coated with 10 µg/ml rabbit IgG (Jackson ImmunoResearch Laboratories, Inc.) in 0.05 M carbonate-bicarbonate buffer overnight at 4°C. Serum samples were diluted 1:10 for all IgG ELISAs. 24-wk C57BL/6 wild-type and antibody-poor (IRF-4 / BL/6lpr) serum was used as negative controls. C57BL/6-lpr and MRL-lpr 24-wk mouse serum was used as positive control. Specific IgGs were detected by horseradish peroxidase-conjugated goat anti-mouse IgG (Bethyl Laboratories, Inc.).
Transplantation of thymic epithelial cells. Embryonic thymic lobes (E16.5) were placed onto Isopore membrane filters (Millipore) , floating on 3 ml dGuo medium (IMDM) supplemented with 1.35 mM deoxyguanosine (SigmaAldrich) and 10% vol/vol FCS (Invitrogen) and cultured for 5 d. After dGuo treatment, the lobes were washed in PBS and transplanted underneath the kidney capsules of athymic C57BL/6 nude mice (Taconic).
Statistics. Statistical analysis of the results was performed by one-way analysis of variance (ANOVA) followed by Tukey's test or by Student's t test. P-values are presented in figure legends where a statistically significant difference was found.
Online supplemental material. Fig. S1 shows the targeting strategy for the rc3h1 FL allele and ablation of Roquin in T cells. Figs. S2, S3, and S4 show the effects of T cell (Fig. S2 )-, hematopoietic system (Figs. S3 and S4)-, and B cell-specific (Fig. S4 ) ablation of Roquin. Fig. S5 shows T cell development and selection in nude mice transplanted with Rc3h1 / and control fetal thymic epithelial cells. Fig. S6 shows that outbred CD1 Roquin / mice display growth retardation and immune deregulation. Supplemental material and methods describe the preparation and staining of cytospins and ELISA. Online supplemental material is available at http://www.jem .org/cgi/content/full/jem.20110578/DC1.
